Tumor development is thought to require both increased proliferation and inhibition of apoptosis. However , the relationship between cell replication and cell death in liver tumorigenesis is complex because both proliferation and apoptosis increase during hepatocarcinogenesis. To investigate the effect of the anti-apoptotic gene Bcl-2 in liver carcinogenesis, we established a line of double transgenic mice that express transforming growth factor-␣ (TGF-␣) , a liver mitogen , and Bcl-2. Double transgenic mice , TGF-␣ and Bcl-2 single transgenics , and wild type received an injection of diethylnitrosamine at 15 days of age. This alkylating agent induces liver carcinogenesis and its effect is greatly enhanced by TGF-␣. We report that Bcl-2 expression inhibited diethylnitrosamine-induced liver carcinogenesis and counteracted the enhancing effect of TGF-␣. Bcl-2 delayed the growth of proliferative foci at the early stages of carcinogenesis and inhibited cell proliferation in these foci. The effect of Bcl-2 on liver carcinogenesis is consistent with its reported ability to interfere with cell replication. The data demonstrate that the expression of an antiapoptotic gene during liver carcinogenesis causes a delay rather than an increase in tumorigenesis. The discovery that overexpression of Bcl-2 in follicular lymphomas, caused by a chromosomal translocation, inhibits apoptosis without increasing cell proliferation established a new mode of action for oncogenes.
The discovery that overexpression of Bcl-2 in follicular lymphomas, caused by a chromosomal translocation, inhibits apoptosis without increasing cell proliferation established a new mode of action for oncogenes. 1, 2 It is now accepted that inhibition of apoptosis is a component of some stages of oncogenesis and that Bcl-2 itself and anti-and pro-apoptotic Bcl-2 family members may play important roles in the process.
Liver carcinogenesis has been extensively studied in experimental models. The best studied of these models involves the overexpression of oncogenes or growth factors, such as transforming growth factor-␣ (TGF-␣), and the exposure to chemical carcinogens. A widely used method of inducing liver tumors in rats is the initiation/ promotion protocol, in which the administration of an initiating agent is followed by application of a tumor promoter to expand the population of initiated cells. Studies with the tumor promoter phenobarbital, a non-genotoxic agent, demonstrated that its effects on rat liver carcinogenesis are more directly related to cell survival than cell proliferation. 3 Opposing relationships between cell proliferation and survival in tumorigenesis are easier to conceive in tissues that are normally proliferative, such as the mucosa of the gastrointestinal tract and the skin. However, the liver is not a proliferative organ in its normal state, and the rates of hepatocyte replication and apoptosis are very low. In a series of studies, Grasl-Kraupp et al 4, 5 and Schulte-Hermann et al 6 showed that during liver carcinogenesis both cell replication and apoptosis are greatly increased over normal levels. As tumorigenesis develops, cell proliferation exceeds apoptosis, although cell replication and cell death are much higher than normal. These and other studies indicate that during hepatocarcinogenesis, the selective, proliferative advantage of altered hepatocytes is associated with enhanced apoptosis. 4, 6, 7 To analyze the relationships between hepatocyte proliferation and apoptosis in hepatocarcinogenesis, we established a line of double transgenic mice that overexpress TGF-␣, a hepatocyte mitogen, and Bcl-2, an antiapoptotic gene (TGF-␣/Bcl-2 mice). Surprisingly, we found that Bcl-2 expression in these animals inhibited and delayed the development of TGF-␣-induced hepatic tumors. 8 Further studies revealed that Bcl-2 can block hepatocyte replication in the regenerating liver through an effect on cell cycle progression, acting at a stage beyond cyclin D1 expression. 9 We concluded from these studies, as well as from the work of de La Coste et al, 10 that Bcl-2 expression inhibits liver carcinogenesis by slowing down the replication of altered cells. However, because of the lack of clear precursor lesions during TGF-␣-induced hepatic tumorigenesis in the mice of hybrid genetic background used in the experiments, it was not possible to determine whether Bcl-2 expression would interfere with development and expansion of identifiable proliferative or early neoplastic foci. 8 Moreover, because the effects of Bcl-2 have so far been studied only in growth factor or oncogene-mediated tumorigenesis, 8, 10 we wished to determine whether Bcl-2 would have similar effects in chemically induced hepatocarcinogenesis. To obtain answers to these questions, we injected newborn mice with the alkylating agent diethylnitrosamine (DEN), a liver carcinogen whose tumorigenic effect can be enhanced by TGF-␣. An analysis of liver carcinogenesis in DEN-treated wild type (WT), Bcl-2 or TGF-␣ single transgenic, and TGF-␣/Bcl-2 double transgenic mice demonstrated that Bcl-2 expression in single and double transgenic mice delayed tumorigenesis and inhibited the development of proliferative foci which precede tumor formation.
Materials and Methods

Transgenic Mice
We used male TGF-␣/Bcl-2 double transgenic, TGF-␣ and Bcl-2 single transgenic, and WT mice, which were generated as reported previously. 8 In brief, female heterozygous TGF-␣ transgenic mice of the MT42 line (CD1 background) were mated to male heterozygous Bcl-2 mice (C57/B6C3H), yielding WT, TGF-␣, and Bcl-2 single transgenics and TGF-␣/Bcl-2 double transgenics, all in the same hybrid (CD1 ϫ C57/B6C3H) background. Genotypes were determined by PCR amplification of genomic DNA obtained from mouse tails. Mice were maintained in specific pathogen-free housing and cared for in accordance with NIH guidelines for animal care and approval of protocols by the University of Washington Animal Care Committee.
DEN Treatment and Transgene Induction
Fifteen-day-old TGF-␣/Bcl-2 double and TGF-␣ and Bcl-2 single transgenic and WT male mice received an intraperitoneal injection of 5 mg/kg DEN and were maintained on drinking water containing 25 mmol/L ZnSO 4 (zinc water) to induce Bcl-2 transgene expression for the duration of the study. Animals were killed at 0, 1, 2, and 7 days for analysis of Bcl-2 and TGF-␣ expression and at 3, 4, 5, 6, 8 -10, and 13 months for studies of tumorigenesis. At the time of death, livers were removed and examined, and portions were immediately fixed for histological analysis.
The remaining liver was frozen in liquid nitrogen and stored at Ϫ80°for Western blot analysis.
Histology and Immunohistochemistry
Liver fragments were fixed in either neutral buffered formalin for 24 hours for routine histology and immunohistochemistry or methyl-Carnoy's fluid (60% methanol, 30% chloroform, 10% acetic acid) for bromodeoxyuridine (BrdU) labeling. Sections (5 m) were cut from paraffinembedded blocks and stained with hematoxylin and eosin (H&E) for histological examination. PCNA immunohistochemistry was performed using a 1:200 dilution of mouse monoclonal antibody MO 879 (Dako, Carpinteria, CA) after antigen retrieval in Dako TRS. Endogenous peroxidase activity was blocked by 5 minutes of incubation in 3% hydrogen peroxide solution. The primary antibody was incubated with biotinylated sheep F(ab)2 fragment anti-mouse antibody (B-6774, Sigma, St. Louis, MO). Other studies of DNA replication were done in a small subset of animals by infusion of BrdU for 3 days using Alzet osmotic pumps (model 1003D, Alza Corporation, Palo Alto, CA). Detection of BrdU labeling was performed as described previously. 8 
Analyses of Focal Lesions and Hepatocyte Proliferation
The identification of focal lesions was performed in H&E-stained liver sections. Images were captured with a digital camera (Spot Insight) mounted on an Olympus microscope. The images were imported into Adobe Photoshop (Seattle, WA) and foci highlighted for determination of number of foci/cm 2 and percentage of sections involved by foci using Image-ProPlus image analysis software (Media Cybernetics, Silver Spring, MD). PCNA staining of hepatocyte nuclei was analyzed with Image-ProPlus software. Fischer's least significant difference analysis of variance was used for comparisons between means. For all tests, P Ͻ 0.05 was considered significant.
Western Blot Analysis
Total liver protein was isolated from snap-frozen tissue by homogenization in RIPA buffer (1.0% NP40, 0.5% sodium deoxycholate, 0.1% SDS in PBS) containing 1 mmol/L dithiothreitol, 0.5 mmol/L p-aminoethylbenzenesulfonyl fluoride, 2 g/ml aprotinin, 2 g/ml pepstatin A, 2 g/ml leupeptin, and 10 g/ml soybean trypsin inhibitor. Protein concentrations were determined with the Bradford protein assay (BioRad, Hercules, CA). Proteins (25 g) were separated on a 10% SDS-PAGE gel, transferred to nylon membranes, and blocked in 5% milk containing 0.1% Tween-20 before incubation with antibody (rabbit antiBcl-2, clone N19, Santa Cruz Biotechnology). Mature TGF-␣ protein was detected using mouse anti TGF-␣ (Ab-1, Calbiochem) as previously described. 8 Enhanced chemiluminescence (ECL, Santa Cruz Biotechnology) was used for detection.
Results
We previously described the generation of TGF-␣/Bcl-2 double transgenic mice and the ability of Bcl-2 to delay and reduce the frequency of liver tumor development induced by the TGF-␣ transgene. 8 The goal of the present study was to determine whether overexpression of Bcl-2 would delay the progression of liver proliferative foci and tumorigenesis initiated by a chemical carcinogen. We injected 15-day-old male TGF-␣/Bcl-2 double transgenic (n ϭ 29) and TGF-␣ (n ϭ 23) and Bcl-2 (n ϭ 24) single transgenic mice, as well as WT (n ϭ 33) mice with 5 mg/kg of DEN. Groups of mice were killed at 3, 4, 5, and 6 months, between 8 and 10 months, and at 13 months. Both the TGF-␣ and the Bcl-2 transgenes are under the control of the MT-1 promoter and are inducible by zinc water. 8 When maintained on zinc water, Bcl-2 is very strongly expressed, and TGF-␣ transgene expression increases only approximately twofold. While Bcl-2 is uniformly expressed throughout the liver, TGF-␣ expression is more restricted. 8 In this study, we placed the mice on zinc water at the time of DEN injection at 15 days. Because the mice were still nursing at this time, we first needed to determine when the expression of the Bcl-2 transgene would start. We analyzed the induction of the Bcl-2 transgene by Western blot analysis (Figure 1 ) in livers of WT and Bcl-2 single transgenic mice maintained on zinc water and killed between 0 and 7 days after the start of the zinc water regimen. In the absence of zinc, there was very little detectable Bcl-2 protein in the liver lysates obtained from the Bcl-2 transgenic mice and none in lysates from WT mice. In Bcl-2 transgenic mice, Bcl-2 protein was low 1 day after exposure to zinc water, increased at 2 days, and was maximally induced by 7 days. In contrast, no Bcl-2 protein was detected in liver lysates from WT mice. Liver TGF-␣ expression was not detectable in the liver of WT mice, was high in 1 day old TGF-␣ transgenics and by 7 days, reached the levels found in adult liver (Figure 1 ).
Development of Liver Tumors
Mice of all four genotypes injected with DEN and maintained in zinc water were examined for the presence of liver tumors at monthly intervals between 3 and 6 months ( Figure 2A ). In addition, Bcl-2 single transgenics and WT mice were analyzed later, between 8 and 10 months and at 13 months. A minimum of 4 animals of each genotype per group was examined. In the 3-to 4-month group, no tumors were detected in any of the mice examined. It is known that TGF-␣ enhances the development of DENinduced hepatic tumors. 11, 12 Indeed, by 5 months, liver tumors were grossly evident in the TGF-␣ transgenic mice, and 90% of the mice examined at 5 to 6 months had liver tumors. Histological examination revealed that the tumors were well-differentiated hepatocellular carcinomas of a solid pattern. In contrast, livers of TGF-␣/Bcl-2 Figure 1 . Expression of Bcl-2 and TGF-␣ in livers of newborn mice. WT, Bcl-2, and TGF-␣ transgenic mice were injected with DEN at 15 days of age and were immediately placed on zinc water to induce the transgenes. Two Bcl-2 and two TGF-␣ transgenic mice were analyzed for BCL-2 protein and TGF-␣, respectively by Western blot at 0, 1, 2, and 7 days after the start of zinc water treatment. WT littermates were analyzed either before zinc water treatment (WT, 0) or 7 days after the start of the treatment (WT, 7). TGF-␣ transgenic mice developed liver tumors as early as 5 months of age, whereas tumors were not detected in TGF-␣/Bcl-2 double, Bcl-2 single transgenic, and WT mice until 8 -10 months of age. Liver tumor burden is represented by the overall liver-to-body weight ratio. The percentage of mice with liver tumors, in which the liver-to-body weight ratio is less than 10%, is shown by the light gray bars; the percentage of mice with liver tumors, in which the liver-to-body weight ratio is greater than 10%, is shown by the dark gray bars. B: Increased liver-to-body weight ratios, measured by dividing the total weight of the liver by the total body weight and expressed as a percentage, are indicative of liver tumor burden. Although liver tumors developed in Bcl-2 single transgenic mice at 8 -10 months, there was no significant increase in liver-to-body weight ratios. *All TGF-␣ transgenic mice either died or were killed at 10 months because of the presence of large liver tumors.
double, Bcl-2 single transgenic, and WT mice through 6 months of age had no tumors by gross or histological examination. Thus, co-expression of Bcl-2 greatly inhibited the tumor-promoting effects of TGF-␣. By 8 to 10 months, liver tumors were detected in all of the TGF-␣ single transgenic and Bcl-2 transgenic, 88% of the WT, and 75% of the TGF-␣/Bcl-2 double transgenic mice. At 13 months, 100% of the WT mice and 67% of the Bcl-2 mice had developed liver tumors. Analysis of tumorigenesis in TGF-␣ single transgenics was terminated at 8 to 10 months as animals died or had very large tumors. Tumor histology did not differ among the four genotypes. In normal livers of non-transgenic mice, endogenous Bcl-2 is expressed in biliary epithelium but not in hepatocytes. Expression of the Bcl-2 transgene, as assessed by immunohistochemistry in the livers of Bcl-2 single transgenics and TGF-␣/Bcl-2 double transgenic mice, was uniform throughout the tissue. In TGF-␣ single transgenic mice, Bcl-2 expression was detected in single cells or cells in small clusters without preferential localization (data not shown).
Although tumors developed in the majority of mice at 8 to 10 months, regardless of genotype, the overall tumor mass varied greatly among the different genotypes. Because it was difficult to separate individual tumors in the liver tissue, we estimated the tumor burden by determining liver-to-body weight ratios (Figure 2A ). Approximately 50% of TGF-␣ single transgenics that developed tumors at 5 to 6 and 8 to 10 months had a liver-to-body weight ratio exceeding 10% (normal value is approximately 5%; see Figure 2B ; also note that all TGF-␣ transgenics either died or were killed at 10 months). In contrast, none of the Bcl-2 single transgenic mice that developed tumors at 8 to 10 and 13 months had liver-to-body weight ratios higher than 10%, indicating that these mice had a much smaller tumor burden than that of TGF-␣ or WT mice. Despite the presence of tumors in livers of Bcl-2 transgenic mice at 8 to 10 months of age, tumor mass was much lower than that of all other groups ( Figure 2B ). The protective effect of Bcl-2 expression is also illustrated by comparing liver-to-body weight ratios between TGF-␣ single transgenics and TGF-␣/Bcl-2 double transgenic mice ( Figure 2B ). Tumor growth was clearly delayed in the double transgenic animals, despite continuous expression of the TGF-␣ transgene (data not shown).
Development of Proliferative Hepatic Foci after DEN Injection
Tumor development in DEN-injected mice is preceded by the formation of abnormal foci in liver tissue. We examined liver sections of the 4 genotype groups at 3 to 4 months and 5 to 6 months of age to determine the number of foci present/cm 2 of liver tissue, the percentage of tissue involved by the foci and the proliferative activity of the cells of the foci measured by PCNA labeling (Table  1) . At 3 to 4 months, the number of foci/cm 2 as well as the percentage of tissue involved by the foci was significantly higher in WT and TGF-␣ transgenic mice than in Bcl-2 and TGF-␣/Bcl-2. At 5 to 6 months, the number of foci/ cm2 was ninefold higher in WT and TGF-␣ transgenics compared to Bcl-2 or TGF-␣/Bcl-2 transgenics. The very large tissue involvement in 5-to 6-month-old TGF-␣ transgenic mice reflects the development of tumors in these animals. Even before the development of neoplastic lesions at 5 to 6 months, the amount of tissue involvement by proliferative foci was much larger in TGF-␣ transgenics than in all other groups. (See data for percent tissue involved for 4-month animals in Table 1 ). PCNA labeling showed a similar trend, that is, it was higher in WT and TGF-␣ transgenics compared to Bcl-2 and TGF-␣/Bcl-2 transgenics with TGF-␣ transgenics having the highest levels. (Table 1 ). The labeling data entirely agreed with measurements of proliferative indices in abnormal liver foci done in a small subset of animals which received BrdU by osmotic pump for 3 days (Figure 3 ).
Discussion
Our previous work 8 showed that Bcl-2 expression inhibits hepatocarcinogenesis induced by TGF-␣. de La Coste et al 10 reported a similar inhibitory effect of Bcl-2 in c-myc Average Ϯ SEM are presented. For 4-month data: foci/cm 2 in Bcl-2 or Bcl-2/TGF-␣ transgenics are significantly different from WT or TGF-␣ transgenics (P values 0.01 to 0.04); % tissue involved in TGF-␣ transgenics is significantly different from Bcl-2, Bcl-2/TGF-␣ transgenics and WT (P values 0.01 to 0.02). The 5-to 6-month data show the same differences with higher levels of significance. For PCNA counts, TGF-␣ transgenics (5-to 6-month data) differ significantly from all other genotypes (P Ͻ 0.001).
* % of PCNA-labeled cells per focus and number of foci examined in parentheses. † % only 1 or 2 foci developed in these animals, not sufficient for analysis.
transgenic mice. Our goal in the present work was to determine whether Bcl-2 inhibits chemical hepatocarcinogenesis and if it would slow the progress of proliferative foci in early carcinogenesis. We found the following: 1) Bcl-2 expression inhibits and delays hepatocarcinogenesis induced by DEN, a chemical carcinogen, and antagonizes the enhancing effect of TGF-␣ in TGF-␣/ Bcl-2 double transgenic mice. 2) Inhibition of tumorigenesis by Bcl-2 is preceded by a delay in development and cell proliferation of altered hepatocyte foci. The effect of Bcl-2 on the proliferative activity of altered foci is consistent with our data demonstrating that expression of the protein interferes with cell cycle progression in regenerating liver hepatocytes. 9 Similarly, the antagonistic effect of Bcl-2 on TGF-␣ enhancement of DEN carcinogenesis suggests that Bcl-2 acts as an anti-proliferative agent in the promotion of tumorigenesis. Nevertheless, we cannot completely exclude the possibility that Bcl-2 may also act at the initiation stage by preventing DEN genotoxic damage or facilitating DNA repair. A major difficulty in distinguishing promotion from initiation effects is that available markers for the identification of initiated cells in mouse liver are not completely reliable. Analysis of the expression of some potential markers (glutamine synthetase and glutamate cysteine ligase) showed that they were detectable in only a fraction of proliferative foci (data not shown). Moreover, expression of these markers in the livers of mice of the 4 genotypes did not reveal clear differences or a consistent pattern. Markers for initiated cells with a higher degree of specificity and reproducibility, which might become available in the future, may permit a more precise analysis of this issue. Nevertheless, the data presented clearly demonstrate that Bcl-2 expression inhibits DEN-induced liver tumorigenesis by inhibiting proliferation and delaying the progression of hyperplastic foci at the early stages of carcinogenesis.
An interesting finding of our work with TGF-␣-induced carcinogenesis was that Bcl-2 expression not only inhibited and delayed hepatocarcinogenesis but also changed the morphological features of tumors, which eventually developed in TGF-␣/Bcl-2 double transgenic mice. 8 These animals did not develop typical hepatocellular carcinomas but instead had lesions containing large hepatocytes in single rows lined by endothelial cells and separated by large vascular spaces. In contrast to these findings, tumors that developed in DEN-injected TGF-␣/ Bcl-2 mice were typical hepatocellular carcinomas, which did not differ in morphology from carcinomas of TGF-␣ single transgenics. We do not have an explanation for the morphological differences between liver tumors that develop in growth factor-and DEN-induced carcinogenesis in TGF-␣/Bcl-2 double transgenic mice. However, the proliferative foci that developed in TGF-␣/Bcl-2 transgenics in DEN injected animals as well as in noninjected TGF-␣/Bcl-2 animals studied previously, 8 were almost always basophilic. This type of focus was rarely present in TGF-␣ transgenics.
We do not know whether the anti-proliferative effects of Bcl-2 are directly linked to its anti-apoptotic activity and if other anti-apoptotic genes of the Bcl-2 family also interfere with cell cycle progression. The Bcl-2 effects on tumorigenesis are not confined to the liver because its expression also inhibits the early stages of mammary carcinogenesis. 13, 14 Moreover, cell cycle inhibition by Bcl-2 has been described in different types of cells in culture. [15] [16] [17] The N-terminal region of Bcl-2 adjacent to tyrosine 28 is a binding site for Bcl-2 cell cycle inhibition. Mutants have been generated which retain anti-apoptotic activity but have lost the ability to interfere with the cell cycle. 14, 15, 18 It would be of interest to determine whether these Bcl-2 mutants would inhibit hepatocarcinogenesis when expressed in transgenic mice.
The general implication of our findings is that attempts to block the early stages of liver tumorigenesis through the inhibition of Bcl-2 expression may result in the opposite effect, that is, enhancement of tumor formation caused by unrestrained cell proliferation. Interestingly high Bcl-2 expression in human endometrial carcinomas correlate with a low growth fraction in the tumors, 19 and in some cancers high Bcl-2 expression is associated with a better prognosis. 
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